The neurotoxin fasciculin-2, FAS2, is a pico-molar protein inhibitor of synaptic acetylcholinesterase, AChE. The dynamics of binding between FAS2 and AChE is influenced by conformational fluctuations both before and after protein encounter. Sub-microsecond molecular dynamics trajectories of apo forms of fasciculin, corresponding to different conformational substates, are reported here with reference to the conformational changes of the loop I of this threefinger toxin. This highly flexible loop exhibits an ensemble of conformations within each substate corresponding to its functions. The high energy barrier found between the two major substates leads to transitions that are slow on the time scale of the diffusional encounter of non-interacting FAS2 and AChE. The more stable of the two apo substates may not be the one observed in the complex with AChE. It seems likely that the more stable apo form binds rapidly to AChE and conformational re-adjustments then occur in the resulting encounter complex.
Introduction
Protein-protein interactions are ubiquitous and crucial in biology. Flexible proteins can adopt ensembles of conformations. The intrinsic conformational flexibility of a protein may influence the kinetics of protein-protein binding (1) . Determination of the rate-limiting step for the association of proteins that form a complex is important for understanding the behavior of the systems under different experimental conditions. Fasciculin-2 (FAS2), a three-fingered peptide isolated from snake venoms, is a pico-molar protein inhibitor of acetylcholinesterase (AChE).
Crystal structures (2-4) of the peptide reveal significant flexibility in loop I. This 61 residue peptide is an excellent model for conformational dynamics on the sub-microsecond time scale, particularly the conformational changes of loop I that may be involved with its binding to AChE. (3) (4) (5) (6) suggest the existence of two conformational substates for FAS2. One is the conformation found for the homologous FAS1. In this, Thr9 near the tip of loop I packs against a hydrophobic pocket that is formed by atoms from residues Tyr4, Ala12, Tyr61 and Arg37. We designate this as the FAS2a substate, to distinguish it from the FAS2b substate in which the Thr9 extends into the solution. The hydrophobic pocket in the FAS2b conformers is occupied by either an aliphatic chain of the β-octylglucoside molecule (the detergent that was co-crystallized in the apo-FAS2 structures (3) , or by the hydrophobic side chain of Val73 of AChE as seen in the FAS2-AChE complex (5, 6) .
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This work presents a dynamical study of FAS2 on a sub-microsecond time scale to shed light on its conformational variations before and after binding to AChE. The results are also compared to a 15-nanosecond MD simulation (7) of FAS2 bound to AChE. Configurational free energies of each conformational substate are calculated to determine their relative stability. Free energy profiles of the conformational transitions between the substates are also computed from targeted molecular dynamics trajectories (8,9).
Methods

MD Parameter Setup
FAS1 and FAS2 differ by only one residue; a tyrosine at position 47 in FAS1 is replaced by asparagine in FAS2. Two sub-microsecond MD simulations of FAS2 were carried out: one in the FAS2a conformational substate, and other in the FAS2b substate. The starting structures were obtained from the protein data bank with the entry numbers 1fas (4) and 1fsc (3) which correspond to FAS2a and FAS2b, respectively. The crystal structure of FAS1 was first superimposed onto FAS2; Tyr47 was then mutated to Asn47. Four chloride counter ions were added to each system to neutralize the total of four positive charges of the molecules. The systems were then solvated with the same numbers of TIP3 water molecules (10) . The simulation systems had a total of 13,615 atoms: 910 solute atoms and 4235 TIP3 water molecules. The peptide has four disulfide bonds which were intact in simulations.
The MD trajectories of apo FAS2 were collected by numerical integration using the Amber 6.0 MD software package (11) . A standard molecular dynamic procedure was performed beginning with steepest descent energy minimization until the system was significantly relaxed. The system 5 was then equilibrated and velocities were reassigned from 300K Maxwellian distributions every 1ps for 10ps. The simulation was conducted using the isobaric-isothermal ensemble (12) at 300K and 1 atmosphere. Long-range non-bonded interactions with a 10 Å residue-based cutoff were used. Long-range electrostatic forces were calculated using the particle-mesh Ewald sum (13) .
After equilibration, a 0.15 μs MD trajectory for the FAS2a substate was collected, and a 0.3 μs MD trajectory was collected for the FAS2b substate.
Cluster Analysis and Molecular Potential Energy
To identify structural representatives of conformational families in the protein's essential configuration space, a "family clustering" or k-mean clustering algorithm (14-16) that minimizes the sum of square Euclidean distances of points within a cluster from its random seed center was The potential energy function of the system dictates the configurational space that the MD trajectories sample. For an ergodic system in equilibrium, the effective potential energy landscape ΔG M can be defined as: ΔG M = -RTln(ρ), where RT is the thermal energy; and ρ is the distribution density of snapshots onto the essential configuration space (17) , which is spanned by a 6 subset of the eigenvectors obtained from the covariance matrix for alpha carbon displacements (see the conformational variations section below). By definition, ρ is also the statistical probability (18) that configurations occur in a small volume element of the projected coordinates. The conformational families obtained here are not only based on the Euclidean distance but also the distribution density of conformers. Therefore, structures in each energy basin represent stable conformational families. These conformers were used to compute the conformational free energy, G C . This energy calculation resembles the Molecular Mechanics Poisson-Boltzmann Solvent Accessible (MMPBSA) method (19) .
where <> C denotes an average over the conformers in each local energy basin. The internal energy, configurational entropy, S C at each molecular potential energy basin is computed here. Therefore, normal mode analysis (NMODE module of AMBER 8) is used to estimate a partition function of the system, from which thermodynamic properties such as the entropy can be calculated (23) (24) (25) .
Conformational Transitions
Targeted molecular dynamics (8,9) (TMD) in which the mass weighted root mean square distances of loop I residues of FAS2a conformers to those of FAS2b conformers are restrained by a harmonic force constant, are used to accelerate transitions between these two stable substates. A total of twenty TMD simulations (ten with FAS2a as a reference structure and the other ten with FAS2b structure as the targeted conformation) were conducted using the ITGTMD AMBER 8 module (11) . In TMD, the potential energy function is modified by a harmonic restraint potential, U res (X) = ½k(RMSD f -RMSD i ) 2 , in which k is the restraint force constant. RMSD f is the RMSD of the final conformation; and RMSD i starts with the value equal to the RMSD between the initial and final structures and it is slowly reduced to zero during the simulation. The RMSD thus corresponds to the reaction coordinate, describing the progress toward the target conformation. In each simulation, a very small force constant of 2.0 kcal.mol -1 Å -2 was used, allowing the system to naturally sample conformational transitions between FAS2a and FAS2b and the reverse direction.
Results and discussion
Flexibility of the finger loops
The mean square fluctuations (MSF) can be scaled to represent the crystallographic thermal 
Conformational Variations
Conformational analysis was used to shed light on the conformational fluctuations of this highly flexible peptide (28, 29) . The subspace sampled in the trajectory is reflected by its positional covariance matrix. To capture the essential motions of the peptides, the principal modes were identified by diagonalizing the covariance matrix. The eigenvector associated with the largest eigenvalue represents the axis of maximal variance, then the second eigenvector is the axis with the second largest variance, and so forth. MD snapshots were projected every 10ps onto the two most significant principal components and color coded as a function of time (part A of Fig. 3 and   4 ). The distribution densities of these conformers are plotted as contour curves (part B of Fig. 3 and 4) which show the contributions of each conformation. The residence time of the conformations can, therefore, be directly visualized in this way. The projections and distribution densities of the apo-FAS2a MD trajectory onto the two most significant principal components are not shown since it seems to be trapped in a single potential well. The apo-FAS2b trajectory sampled more configurational space than those of the apo-FAS2a and the liganded-FAS2. This is at least partly due to differences in the lengths of the trajectories. There are two distinct clusters of conformers that the apo-FAS2b visited. As can be seen in Fig. 3 B, which represents the energy landscape of the apo-FAS2b, the two apparent clusters are separated by a small barrier of approximately 2.5 kcal/mol and transitions between the clusters occur on a time scale of about 10-100 ns. There are three apparent clusters that can be identified for the liganded-FAS2 trajectory (Fig. 4 B) . Small barriers (1.0 kcal/mol) exist between these clusters. Because the liganded-FAS2 trajectory is much shorter than those of the apo species, convergence may be problematic. Still, the structures in each conformational cluster, as depicted in Fig. 4 C, differ noticeably from each other.
To further explore the structural characteristics that the trajectories sampled, the k-mean cluster analyses were carried out in a refined manner as described in the methods section. 
Configurational Free Energy of Conformational Clusters
To quantitatively assess their relative stability, the configurational free energy was estimated for the following conformational clusters: the primary FAS2b conformers, which are those in the lowest energy basin of the energy landscape ( Fig. 3 B) ; the secondary FAS2b conformers, which have loop I exposed to the solvent (Fig. 5) ; and the FAS2a conformers which have the Thr9 side chain stacked against the hydrophobic pocket. The configurational free energy for the FAS2a conformers was significantly lower than those of the FAS2b ones (table 1). The secondary FAS2b structure appears to be slightly less stable in comparison to the primary FAS2b structure, consistent with Fig. 3 B, although the cumulative error is comparable to the difference in free energy (table 1) . Loop I contains a large number of polar residues, so that the solvent exposed conformers of the secondary cluster have the lowest solvation energy (table 1) . Of particular interest, the secondary FAS2b conformers resemble the liganded FAS2 conformers that maximize the contacts with the outer portions of the long omega loop (CYS69-96) of acetylcholinesterase. Fig. 5 illustrates the similarities between these conformers in terms of the secondary structures and Arg11 side chain orientation. Arg11 is a key residue making contact to the outer portions of the long omega loop. Both conformers have extending and twisted beta strands; however, the liganded-FAS2 is not entirely solvent exposed as seen in the secondary FAS2b conformer. The binding of FAS to the outer portion of the long omega loop of AChE is associated with a higher frequency in opening the back door to the active site of the enzyme (7).
Kinetics of Conversion between FAS2a-FAS2b
The sub-microsecond MD trajectories have not overcome the free energy barrier between the FAS2a and FAS2b conformers, thus TMD trajectories were calculated to study the conformational transitions between these two stable substates and to estimate the free energy of transitions. Fig. 6 A and B demonstrate the progress of TMD trajectories toward the target conformers. In TMD, the RMSD between the two conformers is often chosen as the reaction coordinate. As can be seen in fig. 6 , the RMSDs slowly decrease as the FAS2a converts to FAS2b and the corresponding trend can also be observed in the reverse direction. The distance between Thr9 and Tyr61 is also monotonically decreasing as the FAS2b is converted to the FAS2a. Conversely, the distance between Thr9 and Tyr61 lengthens when the FAS2a trajectory slowly converts toward the FAS2b.
In addition, the figure shows the preferred distance between Thr9 and Tyr61 for each conformer, which is approximately 5 Å for the FAS2a conformers and 20 Å for the FAS2b conformers. Thus, it is a useful reaction coordinate to depict the transitions between the two substates.
The configurational free energy that includes the internal energy terms, electrostatic contributions and hydrophobic contributions for configurations along the chosen reaction coordinate was calculated with different bin widths of 0.5 Å, 1.0 Å and 1.5 Å for transitions between FAS2a and FAS2b and that of the reverse direction. There is a considerable energy barrier (>10 kcal/mol) for transitions between these substates. Therefore, the sub-microsecond apo FAS2b trajectory has not overcome this high energy barrier.
It is of interest to point out that the transitions from the FAS2a to the FAS2b conformers are highly correlated with the forming of three hydrogen bonds. Fig. 7 shows the correlations between hydrogen bond formation and conversion of FAS2a to FAS2b and vice versa. The interactions between the two beta-strands of loop I and loop II through two hydrogen bonds between the main chain atoms of His 6 and Arg37 are disrupted when the FAS2b structures adopt the FAS2a conformers. In going from FAS2a to FAS2b, the imidazole ring of the His6 side chain also moves from the solvent surface into the interior, where it makes the third hydrogen bond with the guanidino moiety of Arg37.
A Possible Mechanism of Binding
The bimolecular association rate of FAS2 to AChE occurs in or near the diffusion-controlled regime (31) . The conversions between the FAS2a and the FAS2b conformers appear to be slower than the typical diffusional encounter lifetimes (~1 ns) expected for proteins in the absence of attractive interaction. Because FAS2a conformers may be the predominant apo forms, it would seem that these conformers must interact with AChE to form a stable complex within which the is superimposed onto the very similar liganded conformer (yellow), which makes maximum contacts to the outer portion of the acetylcholinesterase long omega loop (CYS69-CYS96).
Licorice representation for heavy atoms of the tip residues (residues 7-11) of loop I are also shown here. Figure 1 
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